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1. INTRODUCTION 


In southern Alberta, intensive agriculture is possible only on irrigated 
land. Irrigated crops must be provided with adequate amounts of water, but 
the periodic water shortages (such as in 1977 due to less-than-normal rain- 
fall) and the expanding total area of irrigated land demand that water use 
be made more efficient. Thus, the 1978 Oldman .River Report recommended that 
irrigation scheduling programs be enlarged and improved to increase water use 
efficiency. However, previous irrigation scheduling services have enepuntered 
difficulties because of the inability to adequately monitor moisture status 
of crops. Since crop water requirements may differ from one field to another 
as well as within fields, a complete soil moisture sampling program would be 
very expensive. 

Preliminary studies conducted in the U.S. (e.g. Millard et al., 1977) 
have shown that crop moisture stress may be detected by using aircraft remote 
sensing data. The purpose of the project described here was to evaluate 
whether remote sensing data can provide information that would be useful to 
supplement ground observation in an irrigation scheduling program. 

2. DATA ACQUISITION 

Fifteen farm fields with different crops (irrigated corn, alfalfa, fall 
rye, potatoes, flax, and peas; unirrigated wheat, summerf allow, and native 
range) were chosen for the study. Five small experimental plots, each con- 
taining three water treatments and four replicates, were also included. They 
contained potatoes and carrots (at Cassils) , cabbage and mustard (Duchess), 
and faba beans (Rockyford)'.. 

Two missions were undertaken by Canada Centre for Remote Sensing (CCRS) 
on June 21 and .August 5, 1978. Each mission consisted of a day flight during 
which colour infrared and thermal infrared imagery were simultaneously obtained, 
and a night flight with only thermal imagery being collected. CCRS acquired 
photographs at 1:4,100 for the irrigation plots and 1:50,000 for nil sites. 

Two additional flights were made on July 24 and August 18 by Renting Air 
Services on a contract from the Alberta Remote Sensing Centre. They obentned 
day colour infrared photographs on a 1:2,500 scale from the irrigation plots 
and 1:10,000 scale for all sites. 

Ac the time of each flight, the irrigation plots were sampled to determine 
soil moisture graviraecrically. Twelve sices on each irrigation plot were sam- 
pled, one for each of the 3 water treatments and four replicates. Samples from 
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Eour depchs (30cm Xnciremcncs) were taken at each sample site. At the time oil 
each OCRS flight, twelve to fifteen fields were sampled, while seven fields 
were sampled at the time each Renting flight. Six sites were sampled in 
each farm field and four depths (30cm increments) were taken per sample site. 

The above sampling procedure thus produced approximately 1,800 soil moisture 
samples during the experiment. 

Soil texture was determined for each site, and both field capacity (FC) 
and permanent wilting point (PWP) were derived from the soil texture and 
available data (both published and unpublished). Using the above parameters 
and root depths obtained from the Alberta Agriculture irrigation scheduling 
program, the amount of available water (AW, in percent) was determined for 
each irrigation plot and each of the six sites within the farm fields as 
follows : 

where WC is the total water content in cm and all three variables refer to the 
root zone. 

In addition to soil moisture samples, ground colour Infrared photographs 
and normal colour photographs of the irrigation plots and farm fields were 
taken at the time of each flight. Measurements of crop canopy temperatures 
were also made with a portable radiation thermometer PRT-5 a number of times 
during the summer. 

3. DATA ANALYSIS 

Colour infrared aerial photographs processed as positive transparencies 
and thermal images in both analogue and level-sliced form were used Cor the 
analysis. Densitometric measurements of each sampled field site (on the small 
scale photography) and irrigation plot (large scale photography) were made 
using a Macbeth transmission densitometer TD-504, separately for each emulsion 
layer . 

Thermogram analysis was carried out in three steps. First, analogue low 
altitude thermograms were displayed on a density slicer and the individual 
treatment/replicata combinations were ranked from coldest (=1) to warmest (=12), 
separately for day and night data. An average rank value was chon compticed 
for each treatraent/plot (crop) /time (day or night) combination. Secondly, 
the apparent temperature "slice" was determined for each sampled site on the 
low altitude (irrigated plots) and high altitude (farm fields) Lovci-sliuud 


thensograms. This procedure was considered necessary because rhe level sliced 
thermograms contained relatively coarse temperature slices, particularly for 
the daytime Images. As the third step, regression analysis was carried out 
using the farm fields data. For this analysis, average values were computed 
for all sites within one field which were located in the same temperature 
''slice*'; emulsion densities and AW values were included in this averaging pro- 
cess. Results presented in the following section refer to data obtained on 
August 5, 1978. These data were given higher priority because moisture stress 
was more evident at that time. 

4. ElESin.TS AND DISCUSSION 

Figure 1 shows the plot of apparent temperature rank as a function of 
available water. Each point is an average of four rank values (4 replicates/ 
treatment) . The apparent temperature Increased with decreasing available water 
in the range of 110 to 40%. The relative response to changing moisture nvniln- 
bility was similar for all crops studied and for both day and night measurements, 
although its uniformity was lower for cabbage and mustard (Duchess site) than 
for other crops. It should be stressed, however, that neither absolute tempera- 
ture values nor the slope (sensitivity) can be derived from Figure 1. 

.Apparent temperature ranges of the five irrigation plots are shown in 
Figure 2 for both day and night data. Night temperature values were lower and 
had a low or no sensitivity to available water deficiency than the daytime 
measurements. The absolute tempera ture ranges also differed between crops tot 
similar available water (AW) amounts, even for adjacent crops at the Duchess 
and Cassils sites. Due to the coarseness of the daytime temperature "slices", 
no final conclusions concerning the magnitude of differences caused by crop 
cover and time of day can be drawn from the data. It is encouraging, however, 
that the daytime temperature decreased consistently with increasing AW contunt 
for all plots. It is also of interest to note that the irrigation plots 
apparent temperature levels were higher than those for large fields at eompa- 
rable soil moisture conditions. This might be due to advection effects but 
the available data do not allow establishing the reason with certainty. 

Only daytime temperature ranges of the farm fields were available for this 
interim report. In Figure 3, these values were plotted against corresponding 
available water contents for all fields. The data included irrigated and dry- 
land crops, rangeland , and a fallow field. The apparent temperatures exhibited 
a general decrease with increasing water content, but a considerable scatter is 


evident as well. Energy balance considerations (Cihlar* 1976} as well as 
previous studies Indicate that surface cover - particularly the relative pro- 
portions of green crop cover and bare ground - affects the surface temperature 
measured by an Infrared remote sensor. Previous remote sensing studies esta- 
blished that the ratio of radiation reflected in near infrared and red portions 
of the electromagnetic spectrum Increases with increasing crop cover. There- 
fore, we attempted to quantify Che amounts of plant cover by using DRG which 
is defined as Che difference between CIR transparency densities of Che infra- 
red - sensitive and the red - sensitive emulsion layers. A plot of DRG vs. 
apparent temperature (Figure 4) showed a close direct linear relationship 
between the two variables. Furthermore, the points were grouped into two 
clusters which coincided with irrigated (negative DRG) and dryland (positive 
DRG) sites. When the dryland sites were identified in Figure 3, they were 
found to be the highest apparent temperature values encountered. 'In other 
words, Che lack of ground cover caused apparent temperature increase due to 
the increased exposure of bare soil. If only irrigated sites arc considered 
in Figure 3, the relationship between temperature and available water is more 
closely defined. The goodness of fit of the temperature-water content relation- 
ship for irrigated fields (Figure 3) depends on the positions of three "outlier" 
data points (at AW ■ -11, 17 and 91^) which must be determined from more precise 
temperature data. 

Relationships between remote sensing and ground variable were quantified 
using correlation analysis. Mid-values of Che temperature "slices" were used 
in lieu of apparent temperatures. The following variables were included for 
all farm fields (a total of 18 data points): 

DR » Density of the near IR - sensitive layer, dimensionless; 

DG ■ Density of the red - sensitive layer, dimensionless; 

DRG ■ Difference between DR and DG, dimensionless; 

Tap = Apparent temperature (day value), 

AW ■ Available water in the root zone, 

The resulting correlation matrix (Table 1) shows that the apparent tempera- 
ture was closely related to the difference DRG between red and green emulsion 
densities, which is in turn affected by the amount of green cover above the 
soil surface. The correlation between available water and T^p was quite low 
(-0.41). Correlation coefficients between Tap (dependent variable) and several 
independent variables were high when DRG was used, and fairly Tow otherwise 
(Table 2, data set DSl) . The accuracy of predicting available water from T,,p 
did not improve significantly when DRG was also used, and increased partially 
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after DR was added to the independent variables Cr ■ 0,47, Table 2). The low 
improvement of the correlation coefficient suggests that DRC was only weakly 
related to the available water, and therefore did not Improve the AW predic- 
tion. Since a definite relationship between soil water available at a given 
time and surface cover cannot be expected, variable surface cover would appear 
to be an intrinsic limitation of plant moisture, stress determination through 
thermal Infrared remote sensing, 

Due to various crop types and degrees of surface cover being present in 
the data set and since the T,_ values used were only approximate, an attempt 

Up 

was made to remove some of the uncertainties by reducing the data sec in two 
^ ways. First, three seemingly anomalous points (at AW ■ -11, 17 and 91Z) were 
ommicted Co form a data set DS2 with 15 points. Secondly, irrigated fields 
from data sec DS2 were put into data set DS3 which therefore contained 9 points. 
On the CIR transparencies , irrigated fields appeared Co have a higher plant 
cover, were shown in deeper red colours, and soil was visible relatively seldom 
compared to the dryland fields. Correlation coefficients for various relation- 
ships were calculated for DS2 and DS3 in the same manner as for DSl. 

The DS2 results were similar to those for DSl. Some improvements oecurroil, 
but were not very large even after including DRG and DR values (Table 2). In 
contrast, considerable improvement of AW prediction was found for DS3 (Table 3). 
In this case, DR.G and T^p together explained 70% of Che total variability of 
the AW values encountered in the irrigated farm fields data (r = 0.84, Table 2). 

The above results were derived from averages of several soil moisture 
samples per farm field and a relatively crude measure of the apparent tempera- 
ture. Although additional data and a more thorough analysis will be required 
to arrive at definitive conclufions, findings to data are consistent with the 
following statement. In the presence of variable plant cover (primarily per- 
cent cover) and variable available water content, the remotely sensed apparent 
temperatures correlate closely with plant cover and poorly with soil water. 

To the extent that plant cover is not systematically related to available soil 

, water, AW values may not be reliably predicted from the thermal infrared data. 

On the other hand, if plant cover is uniform and the soil surface is shown in 

, a minor way, the thermal data indicate plant stress and consequently avalinhlo 

water in the soil profile. 

5. FUTURE WORK 

To provide definitive analysis and interpretation of the above liulleated 


trends, the following tasks will be carried out: 
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(i) Digitize daycirae Chennai infrared data for the 5 August 1978 flight 

(ii) Extract apparent temperature values for individual sampled sices 
on both irrigation plots and farm fields. 

(iii) Extract appareiic temperatures for the nighttime data from level- 
sliced thermograms. 

(iv) Calculate day-night temperature differencials for 5 August 1978. 

(v) Analyze the relatiot'ships between field data, thermal data, and 
photographic density measurements. 

(vi) Confirm the validity of the conclusions using data from 20 June 
1978 over the same area, 
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O.Ol significance level: 0.58 


Table 3. Correlation matrix for data set DS3 
(irrigated fields only, DSO)** 


DR 

1.00 




DG 

O.Sl 

1.00 



DRG 

0.08 

-0,08 

1.00 


T 

ap 

0.22 

-0.05 

0.52 

1.00 

AW 

-0.06 

-0.01 

-0.28 

-0,80 


DR 

DG 

DRG 

T 

ap 


**0,01 

significance 

level: 

0.62 




Table 2. Correlation coefficients between available soil 
water and remote sensing variables for three 
data sets. 


VARIABLES 


DEPENDENT INDEPENDENT DSl 


Tjjp AW.DRG 


AW.DRG.DR 


Tap,DRG 


Tap,DRG,DR 


CORRELATION COEFFICIENT 
FOR DATA SET 

DSl 

DS2 

DS3 

o.u 

0.54 

0.80 

1 

i 0.86 

0.82 

0.40 

0,86 

0.S9 

0.87 

0.88 

0.89 

0.88 

1 

0.41 

0.55 

0.84 

0,47 

i 

0.57 

0.85 

N - 18 

N « 15 

N «» 9 


+ Data set DSl: All data (13 points) 

+ Data set DS2; Outlier points excluded (15 points) 

+ Data set DS3: Only irrigated fields of data set 2 (9 points) 



































ifi 


Vv:'w\ .‘A^’ >ihv^v> ^ 3^ 


APPENulX - 13 - 

A night Infrared Thermal Analogue Ir.ige (As Seen Under A Density SHcer) 
of A Faba 3ean Irrigation Plot and Surrounding Area 


]_. rtoter 1 fata tean treatment jnder moisture stress. «ate>^ 2 uncer s'ight mci 
ure stress. _3. n'ater 3 under no moisture stress. £. Sorte'* area of fata tea'* o’c 
5_. Plots of teans - scyteans, murg teans, fata tears, 'e-tils ^.ni;n «ere recently 
gateo to excess at tne same rata as *6 wnicn had a nigner water use. 6. Plot of 
forage sorghum, sorgnum-sudangrass , and sorghum wnicn was recently irrTgatec. 

7_. wheat ''Ct i'*ri gated severe stress. 8. wild cats and weecs severe stress. j_. Z 
merfallow. T3. Roadway. J_l_. Grassland next to irrigaticn ci ton mocerate to no st 

<^hite, yellow, tl..e, green, red, ~auve. 

Coolest ^ > Hottest. 

i:m:<!i)n nui 'l■^' mf rm, 

<|IU(;IN.\1. I:- 



SOIL WATER CONTENT ESTIMATION IN 
FALLOW FIELDS FROM AIRBORNE 
THERMAL SCANNER MEASUREMENTS 


by J. Cihlur 

ApptKations Division, 

Canada Centre for Remote Senstnf, Ottawa 

T. StMiimcrlclill 

A frtcuiture Canada, Research Station, Lethpnd%e 

und R. Paterson 

Alhcrta Agnaiiturc, Irrt^unun IJiviAton, Lcthhrul\;c 


SUMMARY 

The purpose of this studv was to determine if the relutiotishtp hetween drirnai 
surface temperature yariattons and near-surjuce sod water content may be used to 
determine sod water content from airborne measurements. Four flight missions 
with thermal ir\fra-red and photographic sensors were conducted over an 
azrtcultural area in Southern Alberta during dear <ky diurnal periods. Sod water 
content s imples expressed in percent of field capacity (PFC), '^•gitized thermal 
infra-red measurements, apparent temperatures at samples sites, and day minus 
night temperature differentials ,1T, were obtained. Results confirmed the existence 
of an inverse linear vs PFC relationship under the experimental conditions, 
with near-surface water content generally the most important ground variable deter- 
mining The J^r, vs PFC relationship was not improved by considering diurnal 
air temperature fluctuations, but did show various degrees of improvement when 
apparent radiances from the visible spectrum were included. 


INTRODUCTION 

Soil moisture is a very important parameter in studvmg. monitoring and modifying the 
behaviour of various land ecosystems (Idso et al. I9*^5a). The methods developed for its 
measurement tan he divided into t\%o groups (Cihlar and L'labv. 19*75): coniatt or direct 
methods v^hlch provide moisture estimates for a soil segment spetiiital*> esamincd or meaNureJ. 
and non-contact (or indirect) methods vshich do not require in situ measuremenis. The contact 
methods are costly sshen implemented over large areas, compared to non-csmt.ici metIuHls 
issater balance and remoie ^en^^ng approaches) ^shich are Ics'^ cNpensive and are iherefi're of 
priinarv interest for laree-'cale. operational m>iI nun^tiire inoniit'iine I lie potential a»lvantaee 
of rcmctc sensing approach is that every ground cleineni is covered >o that ilieic is no need lor 
interpolations or assumptions about the spatial variation of metcrological and ground 
characteristics. 

Three remote sensing techniques appear potentially suitable for satellite applications: ther- 
mal infra-red. active microwave, and pas.sivc micro^savc (Cihlar and L'laby. 1975). The prin- 
ciples involved m the thermal infra-red method have been described by Idso ct al (1975b). Idso 
and Ehrlcr (I9‘*6). Reginato ct al (1976). Schmugge et al (19*8) and Cihlar (1 9‘’6). For bare soils, 
it was determined that the difference between maximum and minimum surface temperature dur- 
ing clcar-Jnv Jiurnnl periods, . il„ was invcrsclv rclaicd to the soil waier content in ihe top 2 to 4 

of the soil. The rclanonship varied wtch soil tcMiirc. bin when 'Oil w.aier contem w,is ex- 
prc'i^ed m nuirix tenMv'n. n'll tcxuire w.is not factor (IJ'Oet al. iv75h). 
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Since !hc surface lemperaiure vs near-surface water content relationships cstablt^hcO Jurmg 
controlled ground experiments were very promising (correlation coefficients exceeding 0 i were 
obtained by Idso et al. l9T5b), they were considered as a possible model for soil moisture 
monitoring from space. It was felt desirable to evaluate the effect of varying field and en- 
vironmental conditions on the soil surface temperature — w.sier woiiteiu telaiioii^hip l>mioe 
I9?6, the Canada Centre for Remote Sensing (CCRb). m co-o|h ration vsiili ihe C'.iii.ula Dep.iri- 
ment of Agriculture tCDA) and the Alberta Department of Agriculture, conducted an airborne 
experimeni to determine how well the relationship holds over a larger agricultural area, what the 
effect of soil texture is on this relationship and how it can be removed, and if the cMirnaiion of 
soil moisture content could be improved by employing addiiumal renune ^eiiMiig data 


MATFRIALS AND MKTHODS 

The study was carried ou. along an casi-wcM line 32 km long nuith oi 1 ethhridgc. Mbcrta; 
approximate co-ordinates of the site centre arc 49*27 *N, 112*42 *VS . Ihc sue is m an 
agricultural area and includes irrigated and non-irngmcd land, f our airborne iiunhuhis were 
undertaken (Tabic 1) composed of one flight in the early afternoim and another alter inulnighi, 
except for .Mission 2 which was delayed (day lliglii) and aborted (night Itiglu) During each 
flight, thermal infra-red line scanner data (Cihlar and Brown. 197*^) were obtained with a 1.7 
milliradian (Mission 1. 2. 3) or 2.5 miiliradian (Mission 4) sensor. In addition, nuilti-bnnd cn 
colour film photographic data were also acquired during daytime flights (Table 1). Multi-band 
photographs were processed as negatives and the colour film as a positive 

Twenty-four fields were selected along the flight line. During Mission ! and Mission 4. 
nearly all fields were fallow. For Missions 2 and 3. twelve fields were fallow, one planted with 
flax and the remaining eleven were planted with barley. In each field, sites were Itxatcd near the 
road for repeated sampling during each mission. Figures 1(a). (h) and (c) show a typical tallow 
field during three missions. Samples were collected from two sites within each tielJ (Figure 2) 
for gravimetric soil moisture determination. .At each sue. samples were taken at tour depths 
(0*2. 2-4. 4-IC and 10-20 cm) from two locations five metres apart; the number of sub-samples 
varied with depth. Sampling usually commenced at 10:30 Local Solar Time (L3Ti and 22:30 
LST and lasted four hours. During the afternoon sampling, vertical and oblique ground 
photographs were taken and plant weight, percentage of straw cover at the suriacc. and Miiia^c 
roughness were also determined. Apparent temperature measurement.s were made for eight 
fields with a PRT-5 radiation thermometer held vertically at one metre above the ’^urtace. 
Within several days of Missions 2 and 4, undisturbed soil samples were taken from the 0-5vm 
anu 10-1 5cm depths of each field and used to determine iMilk densitv v.ilues lor mdivulu.d l.iverv 
through interpolation. Undismrbed cores, 15cm Uvne, were cMr.uted from si\ fields lepie'en 
ting the various soils along the test site. In adUition. JisturheJ samples were taken Irom eas.h 
field and analyzed for particle size distribution and salt content. 

Soil moisture characteristic curves in the tension range 0 to 5(X)v.m. a 15 bar water content 
and bulk density were obtained for each undisturbed core. Correlation mains between sand, 
silt. clay, and 0 33 bar percentage showed that the best predictor for the 0.33 bar water content 
for the soils involved (assumed to equal field capacity) was the amount of sand <0 2mm — 
2.0mm). The amount of clay reduced the remaining unexplained variability insignificantly. 
Therefore, the following regression equation was computed: 

FC « 0 4022-0.00254S. ll) 

r* * 0.725. n * 7. s.e. « 0 022 g/cm^ 

where S is the amount of sand in percent for each field. 

An inspection of calculated soil water contents indicated that, contrary to both theors and 
experimental results obtained during clear sky diurnal periods (Jackson et al. 19*6). nighttime 
wa'cr contents were sometimes lower than those :n the afternoon for the same sues This 
discrepancy was probably caused by inaccurate depth measurements of the top layers at night, as 
moisture content increased with depth in all cases. For this reason, night moisture mca>urcmcms 
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only if they v*erc higher ihjn the carrc^pt^nding aliern«K)n valuer To obtain %ite 
moiMure valuer for each layer, the afternotin and night measurements N%cre averages; ^ub^r- 
quently. the two locaiioni within the site were averaged. Cumulative water contents for 0-2cm. 
0-4cm. 0«t0cm and 0*20cm were calculated by weighted averaging. These water contents were 
converted to PFC values using Equation ( I ). 

Proportions of bare ground (PB). straw cover (PS), and plant ^anopy (PC) were woiiipilcd 
from in situ estimates, vertical ground photos, and oblique g:ound photos; both visual estimate* 
which were repeatable to within about 10^# and photographic detiMty slicing (where p« %Mhle) 
were enploved to obtain the photo estimates. Plant heights (PM) were mea^ur»\l in the held. 
Table 2 gives ranges of thc*sc variables tor Missions I to a Photographic JcnMiies (O) were 
measured for each sue at each photo of the four bands (Missions 1, 2. 3) and converted to ap* 
parent radiances using Equation (2): 

R.»(band) ■ Ky’(band) (2) 

Similar site density mcasurenicnis were made mt colour him lot Mismimi 4, except that in- 
dividual emulsion layers were measured using the neutral, blue, green and red niters ot a spot 
densitometer. Since the film was a posiiiverD was the exponent used in Equation (2). To reduce 
density variations due to both sun/ surface cover geometry and vignetting, density measurements 
of each site were made on two to four photographs (possible because of overlap of adjacent 
tramesi and the readings were averaged. 

For analysis, airborne thermal scanner measurements recorded during the flights were con- 
verted to digital form (256 levels). Since the lower and upper scanner reference signals were also 
digitized, accurate apparent temperature values could be obtained. The digitized ^aia were, 
displayed on the CCRS MAD/ MICA image processing system. Using software-controlled cur- 
sor and known distances from landmarks to sampled sites, a 5m \ lOni rectangle was positioned 
over each site, and apparent temperature statistics (mean. st,inJard wlevtaiion) were compuicJ 
for pixels within the rectangle. The same procedure was rctKatcd lor alt sites on Kuh aliciiuHm 
and nighttime imagery. The maximiim-versus-minimum surface tcmpcratiire dilfcrciicc for a 
sue J«T, was then obtained by subtracting the two meanv. 
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DatJ from each mmion N»ere analy/eJ separately because of the time vielav of Mititon 2 
(Table 1) «htch arparently obliterated the temperature response to soil moisture, and proolems 
vkith absolute calibration of one reference plate ^«hich ixcurreu Jurme M*ssion I. 

Effect of S«n 1 airr ni 

Figure ) tho«sf the relationship oet^een the Jar minus iiighi surface tcmperaiurc JiMeren- 
iial (AT.) and soil ssaier content in the t^T 2sin cspressesl in ivrccni of held c.ip^ic is (1*1 il fiK 
Mission I AhluHiith ilie imerse Iiikmc rs*i.:<uMi'ktiip %s.i% cUmiIs ds'lincsl. .iinnecuMi nl 

data points occurred along the JsT. asis. N^hiic tin; scatter ssa> cMiltaiiced hy ihmius hi ilie iipivr 
right and losier left piHitiv>ns representing cnl> three furkls. it ssoulJ esist even if iIk*sc fields 
vsere ignored The differences betsseen fielsis appeared real because site vari.ibilitv ^as relatively 
small, the vsiihin*site standard deviation of apparent temperature ssjs t>pically k*ss than I^C. 
The scatter may be partly aiiribuicd to uncertainties in soil moisture determination, since the 
average within^site standard deviation of PFC values «as and (he additional uncertainty in- 
troduced by Equation ( 1 ) vsas of similar magnitude. 

The \T, ss PFC t0-2cm) pU»t for Mission 3 is ^hossn in I :gufs* 4 All tallow iicIJs were ary 
as csiderceJ bs the n.irrow range of PFC values. Howes cr. the spread ot tcniperauire diitcren- 
tials was larger thin for the other missions. Mission a data trigurc 5)e\liibi(cJ a well dcluicJ in- 
strsc linear relationship between and PFC (0*2cm). The scatter in the wT, direction was of 
similar magnitude as for Mission 1 . i.c. the scatter was larger at lower PFC values (the two data 
points ncar^T. ■ I5*C represent a flax field) Compared to Mission 3. Mission a % allies were 
lower bv a constant offset (6*0 as both calculated linear regression lines tuJ a slope of 
^).l3*C *l^i PFC. 

Correlation coefficients r between PFC and IT. foi mJisidual missions arc shown in 
Figure P and wnh ihc exception of .Mission 3. r v.ilucs were highest lor the ii»p laser (U-2wtn) and 
decreased wnh derth. The Isvw .Mission 3 v?‘ve was probahlv due to the narrow |*I C range, as 
correlation coefficients for deeper layers wc.v i.milar to those Irom other missions :secondly. r 
values for the 0-Jcm ta>er were consistent ''oughout the season and almost as high as for the 
0-2cm layer. Correlation coefficients for lavers improved when Mission 3 and Mis.>ion a 
data were combined, possibly due to a wider i.-iige of PFC values and a higher slope of the cam- 
bineo data set. Correlation between J.T, and PFC ol deeper layers was generally low and in- 
consistent. thus suggesting a poor response of surface temperatures to water contents in deeper 
layers. 


Mfecl of '^iirfji*r Cover on T, 

f igure * vhow» aP^oiiite valuev oi ^tMrel.ition wi*ettuunt% Ivtwien I .nul cu niul 
variable^ measured for fallow ^clJs. bmgie and multiple correlainm coeiiuieniv are given tv»r 
individual ind combined (3 w 4) missions and two layers. 0-2cm and O-J^m vv uh the exception 
of Mission 4, near-surt'ace soil water content was the most .mportant variable Mussion a vjs 
flown shortiv after harvest, and large portion' of fields were covered wnh a mulch of 're'h dr.iw 
(40*^i of all ticids had vtraw cover of or higiier); this fawtv)r was pinbahlv fwspvMiMhle ti>r 
the high correlation. Compared to Figure ?. correlation coefficients for PH. fMl. fV and PS 
would change to O il. -0.19, -0.32 and -0 iO rcvpecfivciy ;f the i1ax field i.«’ emitted 

from Mission 4 Foi Missions I and 3. the straw mulch did not have a sigmiuant etleci on 
measured .IT. values. 

NIultipie linear regression calculations indicate (Figure that hv surface parameters tested 
accounted for approximately to of total \T, variability depending upvin data vet. Mis- 
sion 3 surface layer was the lowcM with only of I , explained. 

Only marginal improvements of multiple correlation civflicients were obi.iineJ after in- 
eluding surface cover descriptors (Figure ^). Mission 4 was the exception to this trend, as the 
proportion of Dare ground (Closely relatcu to PSi increased t.he correlation coefricient 'uostan- 
(tally. 

The effect of surface roughness was detected onlv with the PRT-5 \ 'cr’cv of 
measurements nude m September I9T6 shc»wcd a detinue inverse relationship between the 
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MiM.lwc-Jir UiiifKrjiurc JiilcfvitiMl jmJ vmI mot^iiirc Mi»p 2wii0 Hk* Ihk*% Iti# 

Had in uivnii^il \lopv hm %kcrc Ji'^pUwcU vcftuiily «>^cr u 4*C rani^c N ciHiip.irisim of \iirliic 
fiHtiphnc^* c^llnulc^ lor inJi\iJual mcj^urcmcnift inJivJicJ iha; %ituK>ih %uri*Kv> c\hihmJ 
higher tc»iipcrjiufi> (ot cqui%.ikni >4aicf wOnicni% ihjn ro«igh tf ilui ihu effiM 

>*i» rcUicJ to itic «uniighi %haJo«i' ratio dctwfittnu%i t>> the %olur iciiiih aiigU* t he eltvet *%a% 
not evident m the airhorr.c data. proPaN\ Pceau^ ail falioi* fields appiMrcd cquatU riMigIt toe 
the %eUxied eiiruu m/c 


The woit^i\ieiiily higti ' 1, %eii%iii%ifv to ne.ir-Mirfaee ^^aiet ciMtieiii i^ etkiNir.iKiiw, {vii 

lK‘iil.ift% ^itive It |H*r%i%ieil iiiklei ti.iiiii.il iiMulHi«Mi% cikiMiip.i^MMi; 

roughne^>. ttra* and to ^ome extent green vegetation eonditioiu. Keavom tor the low 
niultiple correlation coefficients are not clear \tmoxpheric or lenvor effeets may be excluded 
becauxe the flight line wax relativelv short and the analvxix wax earned out for each mixxion 
^ep.ir.iiely One rcaMtn might he inncuir.iie gfimikl cover d.iM. It xIiihiKI he ikhciI. Iiowi ver. ih.ii 
apparent tempvraiiirex did not change vuh%i.iiiii,illv otiixide iM the 5in x lOni lest.iMgle^ 
delincnied at each %ne ax deiernnncd hv enlarging the rectangle to <in x rom Altlu*^igh the 
xiandarj deviation tiwreaxcd voiiKwhai. the mean value ^cUlom v.ittal h> nioic than r*i Itnv 
vuggevtx that the xurface conditions over a larger area were similar to ih jxe at the ampleO utex. 
and *hux the single >et or grourt J cover estimates per field should be adequate Another posxible 
reason for the low multiple correlation coeffieientx shown in Figure 7 is the uncertainty of xoil 
moiviurc cxiimatcx Jixcuxscd prcviouxly If this explanation iv valid, it will imply better .‘.T. xx 
PhC correlation than indicated m Figures 3, a and 5. 
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I f frvl of StuI 1 r%iurt oi\ ^ T, 

CorrdjitiM cv^lfioenu b<t>*ecn * T. and t%kO mcaiuro ol loil conicni. percent of 
ficM cap4wiiv and voUinurtrK' >*aifr vonicni arc #t%en «n TjHc V S«»il u%iiirc »mv to.'ini |H 

fli’ld%>. wt.l\ t^). UmiII t 4 f, 4 lkl Vliul% ct.l% l«Mni ( 4 ) \ JvMi.lU* id f liM ill v hK Ml 

The *'diitcrctKc‘* %uiuiitit m l.ildc 3 iikIk.iiv^ ili.ii .in .uU 1 iikmi.ii 3 ii* i*i itu Iim.i 1 %.iiijIm 1 iii 
in ihv ;M. %% %oil uaicr coniciit rcl4iion%hip cinilJ Ih* c\pi.iinvJ ulioi 1*1 C u ii«vJ .•% ilic mmI 
uaier parameter 

Table ) «u||c%i» that about an aJdiiioiint I5*t ol iIkt um.i1 van.ihiliu %4 miUI (h* .uc%Minied 
lor uiih ri'C the ^oil u jtcr w\Mitciii |\ir.iinctcr C\Mu»ilcnn|t tiui ihi% ti.ictton umiUI nurc.ue 
further fee a ^♦ldcf of lod texture^, it 4prK:4r% that the u%e oi 4 tcn%ion-rcUtcd mea%tirc of 
veil «4tcr for the thermal enii%%ion method \% unn%iMdable Thu u not ncce^kjritv a Juadvantafc 
%inee tension \\ a better induaior of %oii «aicr behaviour than ujicr content, however, the u^e of 
4 JaT, VI tension relationship should require the development of accurate prcdicitve modcli 

Stabililv of the IT, v% VfL Krlaiionship 

X finale. ttme*invar>ant toil '♦ater v% ^T. relaitomhtp «vould ideallv be required for deter* 
mininf loil mouiure remotely from thermal fmiii*on meaiurementi Since air temperature hat a 
ufnificaru effect urvn surface temper arure^. tempor.il van.ition« of .ur iemrvf.itiircs tnv^c.i'e 
the uuert.iintv ol s*kI v%,ncr prevhction A priKCiliirc U*r iciikuim^ .im temiHM .iinte cttcvis lu*tn 
measured . *. I , v aluev 'ajv devvU>|H.'d b> IJsii ci .il t Id^^h) .hkI used lu MiH.m d et ,il t l*lTm 
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ii involves caiculahon of normaii/cd as follo\M: 



^vhcrc IS the Jiffcrcncc hctv^ccn rruximum anJ rTuriinu;ri air icmpcramrcv t\u the Juir 
p'.TioiJ of interest. anJ iv the normalizing air temperature Jilfereiuial eho^en a^ 1S‘*C' m 
'cter«*''ee. qiiotcJ above ^Vhen applievl to data herein, the normalisation vhoulj result iv. me 
ipg the three regression lines into one. 
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Tahic 4 %lopc> 4iid inicfccpi\ ol ihc . .T, IM C iO-2^m) rclanonxhips «iiul M, oh» 
laincd j\crj|iON from %iirrotmJin|t mcu*iuolo|»ual MJtion\ lor 1. } and 4 Sin^c 

I quation {}) \hiHild hi>IJ for all l*^C valuer iikIiiJiiik O^t. iftc ratio ol inicrccpi lo AT. should 
be con^iani for ihc three ini%%ton% Ho^CNcr. tlio ratio varied tHM^een I ' tMi^^ion 4l and 2 ^ 
^Motion 1) for data in FaMc 4 Consequent Iv. use of this equation ssoiild merease rather itiaii 
reduce the dll ferenec^ among individual musu>n< 

^s«uming Equation (3) to he sound, discfepaiwics among individual data vets rnuvi te 
related to environmental eonditionv afteuing the meavurementv or to the thermal v^annerv used 
Ihe high slope and intercept values tor Mission I prohahiv xsere due to laiiltv ahsoliite v.ilihra* 
tion of the high icmivraiure range xstiKh xsas dctevtevl during post iuinsuui tests Atihoiigh 
xsiihin*(nission eompansiins remain valid, eoniparuig results to lUhcr niissnms would not Ih.* 
warranted On the other hand, scanners lor Missksos 3 and 4 were calibrated and the diserepan* 
ev between the data sets must he related to env tr«xnmcntal ci>iidtitons eira|>hic and si.uisiiwal 
anaivves ^onsisientlv showed that straw mulch wover was not resi>*>nsiMe lor the lower iiiieiecpi 
ol Mission 4 The atmosphere xsas somewhat ha.*v pru>f to the afterniKm Might 'vlueh would 
reduce the volar energy input and eonsequentlv lower suriaee lerniH-fatures somewhat. .Also, the 
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GROUND VARIABLES 


s^inglf jm1 miihipir corrriMlion c<»<f f'l'irru hrix*rrn llu ihurnil \oil surtaer Irmpmihirr atlfcrmiiii 

I. ifiil stnoio eriHintl ««nnr>l«*s. PH ■ pfrtrni >iirr »(riMini1 IMI * pljnl hrtghi uini, PI • |U*rxrni pi4ni 
cosff, Ps • prrcrni xim«k cosrr. PK • prrirni Itria cuptii n% 
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v%mil liijshcr |>ru»f ip .iiuI 4 iIMuii hi ili.iii ItM Mishioh \ |ISkin/li) 

ilu'^c Luu»rs do ium appear to cxpi.iMi siiUuieniK ilic 7"i iliileteiKe iii muacepi^ In 
fad, ihc MisNU»n 4 tiucrccpi hIumiU he aKuii 25*« hi|iher tor the A I , \.ihic> iJiven in lahic 4 m 
iHJer tor Lw)uatioti (3) iii elimiiiaic diiteieiKe' iHMueen itie iiiismoio Since iliiniul .nr 
temiH’raiure extreme^ v^ere c« ii^ixieni tot alt ^mr«niiidniK' iiKMeoroti»)nw‘al Niaiuiiix, iiicy iUt iuh 
appear to he the cause of the discrepancy 

One reason tor the ohserxed lovkcr inicrccpi value for Mission 4 may be solar radiation. 1 he 
solar noon /cnith anitlc was for Mission 3 and 45.^* tor .Mission 4. Since solar radiation 
incident on a horizontal surface is dircctiv proportional to the cosine of the zenith anple, about 
25^’f more radiation would he received during Mission 3. It is worth noting that the Mission 3 in- 
tercept was Jl^’o higher than that for Missiisn 4 The zennh angle explanation docs not account 
for increasing me discrepancy between intercepts by applying Equation (3). however. 

KffccI of Reflected ^olar KaJiaiion 

f tgurc >huws ahsoliitc values of single atui imiliipic correlation coefficients hetvsecn PEC 
(0-2cm) and remote sensing measurements. Ul through If4 represent appaicni r.iduiucs for 
bands I through 4 (approximate wavelength ranges; Ul • 0.38 to 0.47 micrometres, B2 ■ 0.47 
to 0.59 micrometres. B3 * 0.59 to 0.71 micrometres. B4 « 0.7| to 0.95 micrometres) deter- 
mined as described under Materials and MciIkhIs Correlation Km ween PFC (0-2cm) and ap- 
parent spectral radiances was siaiistieally significant for Missions 3 and 4 (P<0.0n. but was no» 
consistent as evident from Mission I data. Since the surlacc soil ol practicallv all liclds was dry 
during the missions, the correlations for Missions 3 and 4 should he due to the relationship be- 
tween surface cover and near-surface sod moisture. This was confirmed by multiple correlation 
analysis between PFC (0-2cm) and surface cover parameters which resulted in r values around 
0.6 for Missions 3 and 4. 
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Kc^iilis ^ho%«n in I i|:ntcS nulicaicihtii the .uitinuMi o\ i.iJi.iiui* il.ii.i impiiual the .Keiii.K\ 
of H'll moulufc C'limaiiiMi. I he Jc|trcc ol iinpro^cii’eni v.ined }) to iiejjluii- 

He (MiN»Km 1) Due to him JtIteretKCN Ivt^een Missions ' .iiul 4. iheir at'p^neni r.iJi.iiueH 
eoulJ not beeombined. Since the 'oil njicr content ranite tor Mi’^oon 3 rather narrwn%, Mi>- 
uon* I anU 4 arc prohablv more wharaetcristic of the improvements m pieilutive a^wuras.v that 
mav rcNult trom inehuiing visible hanJv Uaia. It is ensiuira|!ii 4 * tluit the r vaiues h>r itie stMiihma 
tion involvinf the hand ratio vverc almost as hieli as tor the actual values because r.itios vlo not 
require data vvith absolute calibration. Considering the reianvclv etude measurement levhiiique 
uied to obtain the apparent radiance data, the rcnilts shown in I i|!ure 8 should be treated with 
siJre Evidently, vvvme improvement of the predictive accuracy \s possible, and a detailed study of 
this problem should be undertaken. 


SI MM AKY WDCONCl IMONS 

.A study of the relationship between duirnal surface temperature variations and near-surlace 
soil veater content yielded the following results: 

1) I'nder clear vkv condition, an inverse linear relationship cNisicd beiween the Jav mums 
night surface temperature differential (J.T.) and soil vvater content expressed m percent 
of f’cld capacity tPFC) in the top 2 to 4cm of soil. 

2) With the exception of the post-harvest Mission 4, ncar-vurfacc water content was the 
most important ground variable, even under considerable viraw mulch wover 

3) The variability of ^T, vs soil water relationship was reduced apprcciabiv when soil tex- 
ture was taken into account. 

4) The temporal stabditv of the PTC vs AT, relationship did not impnnc when diurnal air 
temperature variations were taken mio account. 

5) The relationship between PFC and AT, improved :o various decrees when apparent ra- 
diances from the visible spectrum vserc also included, corielahon woellicieius ap- 
proached 0.8 (0.*) for the top 2cm (4cm) of the soil, respectively. 

Results of this studs indicate that the diurnal surface temperature variations correspond 
fairly closely to ncar-surtace water content in fallow lielJs with various straw nudcli. riMiehness, 
soil texture and seasonal conditions. Effects of other variables iMirTacc slope, variable clouu 
cover) have not yet been examined. Future studies should include such variables, aiTcmpi to 
maximiee the accuracy ot soil water content prediction oy using addit.ona! remote 
measurements, and development of a time-invanant, generally applicable prcwiis.ti*e alcorithm. 
If these problems arc >ucccssfullv solved, the thermal emission technique snould become a useful 
tool for routine soil moisture surveys of fallow fields. 


RKFFKFNCKS 

Cihlar. J. ana llahy. K.l. — Microwave Kemote Sensing of Stui U dr»’r in Xiinculmral 
Fields, Technical Keport 2b4-5. Remote Sensing I aboraiory, The I niversity of Kansas ('enter 
for Research Inc.. Lawrence. Kansas. 

('ihlar, .1. P/7ri — .So// \foi\mro fc^nimofion hv Ihc^ fuil In/rj rfj Urmtur V. nw/jc. Pro- 
ceeilings nf the XNorWsliup «»« Ketnoto .Scnsiuij of N«»il Mnisiiire and (•rmiiid NS .Her, M M) 
Novemher I oroiitu, Ontario, pp.20<>-2 15. 

( ihlar, J.. and Hi awn, K.J. 1977 — Aerial Heal Loss Deteaicn front liutulines, F nginccring 
Digest 23(10), pp. 29-31. 


V o/. 5. .Vo. /. Mjy /9*9 


31 



IUm». l4i’W>ofi. K 1) jmi Mru*nahi. R J. t n\ 

I jrijhtutv in tne hu*fU%j \pp^o%tih :o Hc^notf Si nsint^ »»' Soii Mot\U4^i‘. Jou 

pliril Mclrorohito 15. pp.HII-Kl7. 

> W Jiul l^hrUr. NV I . — ysnmjtmK Soil Moistitrc m ihc i» 

AJiifUuhU* io Rcmotf Senunf*, (iroph^^ical Kr%i*ari h 1 rllrr% J, pp 23-25. 

l«U«i, > li., JjikHon. U.P. 4n»l Rct:»ii.ii«i. R I. I**‘’5<4» — l\*tCi:ttw .»/ S*>*l \toiMuri* 
SuriCilliiHKi\ Siiurii UH n% <»3. |ni.54*l-5Sli. 

> H.. >chinui:gr. I.J.. J JcW%on, R 1> 4nJ Rcuinjio. R J r^v L tiht^ 

rt'mf^erjture Mt'jsu^e^nents /or :he Hcniote Sensint^ oj Soil R j/i*r Siatui, Joui 
(•roph%%icjl Rtf^rarih .HO. pp. 3044 -.MU*). 

.l.uW^on, R.l).. Ri*i*Ht4lo. K..I .m»l liUo, > U. r)Tii — lioitHi: <»/ iirounif /ntih 
Lhirini: Keynote Asstssount Soil ’AjU'r Content, Ri'inou* scn%mu of I riMr 
PP24T-255. 

VfilUrd, .MV, l4ikH<»n. R l> , (.ooiu*lm4n. U (’ , R J- J**** l‘Ro. s II !•» 

R j/t*'’ S/'V'v . I I jft Airtiorne Jlte^ntjl Si\jnne^ |•llohn:r4lllm^•l^u I 

jiul Ririn«Me vn%ifi|» 44. pp.‘"'*H5 

Ri'v*in 4 (o. R.J., liNo, >.H., N rJilrr. J .1- .. l4ik%»in. R l> , lll.iiiihjrd, M II. Jiul (kk 

— Soil R j:er Content unit ^\ij;*orjtion Cete^^ninjt.nn rv fne^^njl pj'jnie e' 
•rom urounJ ho^eJ jnJ Se^note Meosurenienti, Journ4i of ihr (iroph\Mi*4l Ri 
pp ibr-ift2u. 

vhimicii^. J *. Ill4iiih4rd. II., \iuUt^4ih. \. .iiiO W.iiii;, .). I*)**H — Stnl Mtnsture S 
Xirerott Ol^se'Mtiit*n\ of the Ihurnul Koni:e Snr\iie ! enif^e^jiitre. \\ .lur UisiMii 
14. pp. Ift*)- 172. 


I The prowecJmg'i arc available Uo\\\ the Canajun \erv>nauiiw> and >;\u\ 

I InNiiuuc: 

1 ^lr'C 1 jnailian ^vmpoMum on Remou* 

I fehruarv 4 4^2. Ottawa. *^4 pp P’-ue S 10 iH) s. an. 

2 ^evonu i. jnaJi4n ^v mp«)Hium on Rcm«»ic >vM^«nu 

I 24rh Mav - I >t li;nc l^' i. (.<ue!ph. '.'4 pp 2 'v i>U f*.'is.e S^2 an . i' 
V ait 

* I hifil C joadian mpoMum tin Kcnit»te >vii'ini{ 

22nvl - 24;U .^cpuinhei 14*5, I tlnuMUoii .^lr» pp I’luv ^41 00 v .m . >42 t 

Can 

4 I mirth i. jnjilian ^vmpoMuni 4»n Ki inoic '^onMihC 

I5tft - ISiM Mav 14""’, v,)uePee c jtv ^l ' p|v I’r wC $41 ' 4 ) 1 . 40 . $42 t^) tMiisul 

I ^ Romolc »»l no »1 Ntmsiiirc and ( ifiiunilw .Her 

I .^ih - li'tn N.'^erTtber 14"^. ] oroiuo 242 pp Price 52h tH' Can.. $2"t)04niiM 

! h. I iHh I .iiiadiaii mpoMiiin on UeiiHMe 

I 2S(tt-'tlM X.ieust 14"S. \ Ktori.i <»02 pp 1’r'v.e $4 1 ».H) L .m. . $42 .nnMi.v ( 


Ki:i'K< 'I'l ( ::u I ()(.' Til 

olvUilX ,\| . 1 ' \i ; [•; Ij.; )•, », )|. 


:nj.:u:n .Vt- 


